Influence of the tilt' angle of the geomagnetic dipole, x, on the development of auroral electrojets was investigated paying attention to the relation with solar wind parameters. Indices AU and AL were used as the measures of the intensities of the eastward and the westward electrojets, and were found to have evident x dependences under the normalized condition of the solar wind velocity, V, and of the GSM southward component, BS, of the interplanetary magnetic field (IMF). The main characteristics of the influence of x are as follows. (1) 
Introduction
Much work has been done concerning the influence of the tilt angle, x, of the earth's magnetic dipole on geomagnetic activity. BARTELS (1928) first suggested that the activity is enhanced when x (the angle between the earth-sun line and the geomagnetic equatorial plane) becomes close to zero, to account for the equinoctial maxima of geomagnetic activity. He further suggested, as this angle varies during a day as well as during a year, that its influence could be seen in the diurnal variation of geomagnetic activity. MCINTOSH (1959) and MAYAUD (1967) showed that the phase of the diurnal variation of geomagnetic activity as measured by the K index or by the an and as indices is consistent with Bartels' suggestion. Recently, BASU (1975) has reached a similar conclusion using the AL index. BERTHELIER (1976) and SVALGAARD (1976) have examined the diurnal and the annual variations of the am index separately for periods of different sector polarities of the interplanetary magnetic 442 T. AOKI field (IMF), and showed the existence of a component in agreement with Bartels' idea of the diurnal variation in addition to the component due to the mechanism as suggested by RUSSELL and MCPHERRON (1973) . A possible mechanism to explain the effect of the dipole tilt angle as described above has been proposed by BoLLER and STOLO (1970) , in which they emphasized the role of the KelvinHelmholtz instability generated at the flanks of the magnetopause.
On the other hand, it was observed by FAIRFIELD and CAHILL (1966) that the southward component, BS, of the IMF has a good correlation with the occurrence of substorms which are the main contributor to geomagnetic activity. The principal role of BS in the development of substorms has been supported and studied in more detail by a number of subsequent works (e.g., ROSTOKER and FALTHAMMAR, 1967; ARNOLDY, 1971) , and has been interpreted in terms of the reconnection between the IMF and geomagnetic field lines (DUNGEY, 1961) . Recently, the influence of the solar wind velocity, V, on substorm activity has been confirmed (GARRETT et al., 1974; MURAYAMA and HAKAMADA, 1975) and the effect of the azimuthal component of the IMF has been reported (MURAYAMA and HAKAMADA, 1975) .
The solar wind parameters B3 and V vary with time in a wide range resulting in the variation of geomagnetic activity in the corresponding wide range whose amplitude is much larger than the amplitude of the diurnal variation of geomagnetic activity of the order of 10% as obtained in the works referred above. Although the data averaged over long time intervals were used in these works to level off the effects of the BS and V which vary irregularly with time, it is more desirable to examine the influence of x after eliminating the effect of the variability of the solar wind parameters with the aid of in situ observations. The purpose of the present analysis is to obtain the x dependence of geomagnetic activity under normalized conditions of the solar wind velocity and of the IMF southward component using the AU and AL indices (DAVIS and SUGIURA, 1966) . These indices are selected to focus our interest on substorm activity, and special attention will be paid to the question of whether or not the effect of x is independent of the substorm process initiated from the reconnection at the dayside magnetopause. It should be noted that our analysis also reveals any effects of x-dependent phenomena other than that suggested by Bartels on geomagnetic activity, including the influence of the change of the ionospheric conductivity due to solar radiation.
Data Analysis

Data
The present analysis was made using 3-hr average values of solar wind parameters and the AU and AL indices for the period from January 1967 to June 1968. The solar wind parameters used in this analysis are the solar wind velocity, V, and the Cartesian components, By and Bz, of the IMF in the geocentric solar magnetospheric (GSM) coordinate system. The IMF component Bz was used to derived the southward component BS as defined by (1) Three-hour average values of these parameters were obtained from the data measured by the satellites Explorer 33, 34, and 35 and Vela 3 for the time intervals 0000-0300 UT, 0300-0600 UT, etc, on each day. B3 was computed using 1.4-3.1 min averages of Bz.
The AU and AL indices were obtained from publications of the World Data Center A for Solar-Terrestrial Physics (ALLEN et al., 1973 (ALLEN et al., , 1974 . It should be noted that these indices were derived only from the data of northern-hemisphere stations. The dipole tilt angle x is defined as the angle between the north magnetic pole and the GSM Z-axis, and is positive when the north magnetic pole is tilted toward the Sun. Three-hour average values of x and of the AU and AL indices were obtained for the intervals 0100-0400 UT, 0400-0700 UT, etc., implying the 1-hr delay of the auroral-zone response to the solar wind condition. This delay time was chosen by taking into account of the results of FOSTER et al. (1971) and MEND et al. (1973) that the AE index shows the maximum correlation with the IMF Bz component preceding AE by about 40 min. Although the values of AL are generally negative, AL is used instead of AL for brevity in the following sections.
Method of analysis
Since the values of AU (or AL) are well correlated with the product BSV (GARRETT et al., 1974) or BSV2 (MURAYAMA and HAKAMADA, 1975) , the influence of the tilt angle x on AU(AL) was studied under a normalized or a fixed interplanetary condition by the following two procedures.
(1) The ratio AU(AL)/BSV 2 was obtained for each 3-hr interval and the dependence of the values of the ratio on x was examined. The same analysis was also made using BSV instead of B8 V2. Only the results for BSV2 will be presented in this paper because the two analyses gave essentially the same result with each other. Only the data having the values of BS in the range 1.5-8.0 r were used in the analysis. The reason for setting the lower limit of 1.5 r is that the error in the values of the ratio AU(AL) f BSV 2 becomes appreciably large in the case of small BS because BS is in the denominator of the ratio. On the other hand, the upper limit was set because of the apparent tendency for AU(AL) to saturate as BS becomes very large.
(2) Dependences on x of AU(AL) for the values of BSV2 in the following three ranges were separately examined; (a) 5.O>BSV2> 3.0 (b) 3.O>BSV2> 1.0 (c) BS-O (hence BSV2-0), where B3 and V are measured in units of 1 r and 400 km/sec, respectively. In both analyses as described above, results were obtained separately for different signs of By by taking into account of the observation that the IMF with By component of different signs produces a systematic difference in the magnitude of the auroral electrojet (MURAYAMA and HAKAMADA, 1975) . In order to make clear the difference in the effect of different signs of By, data with By values between -0.5 and 0.5 r were not used. We hereafter refer to the data with values of By less than -0.5 r as 'negative-By' data; whereas 'positive-By' data mean those with By larger than 0.5 r.
In the method of analysis as described above, we have taken BS, V, x, and the sign of By into account as the factors controlling the magnitude of AL(AU). In addition, a nearly sinusoidal variation of AL(AU)IBSV2 with universal time at a fixed value of x was found suggesting another controlling factor than those considered above. The variation in AL/B8 V2 has an amplitude about 20% of the average value with a maximum near 15h UT, which does not appear to depend on x or the sign of By. For AUf BSV2 the amplitude is similar but with a maximum near 5h UT. No attempts to apply any corrections for this UT variation to the x dependence have been made because its nature is not yet fully understood, although at least a considerable part of it may be attributed to the UT dependence of the sensitivity of the network of the auroral-zone stations to the auroral electrojets. It does not, in any case, introduce serious errors to the results to be shown in the next section, because the data for different UT intervals were averaged in most of the intervals of x considered. Figure 1 shows the x dependences of AL/B8 V2 for the positive-By data (solid line) and for the negative-By data (dashed line). A horizontal bar denotes the average value of ALf BSV2 in each 5-degree range of x. The vertical bar indicates the standard error SE as obtained by the equation SE -S/4%/ N, where N is the number and S is the standard deviation around the average value of the data.
Results
Dependence of AL on the tilt angle
A very clear difference is seen between the positive-By and negative-By cases.
AL/BSV 2 has a broad peak approximately centered at x=0° when By is positive, whereas it has a general trend to increase with increasing x when By is negative.
In the negative range of x, AL/BS V2 is significantly larger for the positive-B5 data than for negative-By data. A similar result has been obtained by FRIIS-CHRISTENSEN and WILHJELM (1975) in the analysis of auroral-zone geomagnetic variations during a winter season in which the value of x is mainly negative. Our result shows that this difference remains to exist even under the normalized condition of B3V2. In the positive range of x, this difference holds to exist up to about 15, beyond which the situation appears to be reversed.
In Fig. 2 , the x dependences of AL for the three groups with different values of BSV2 as mentioned earlier are shown separately for different signs of B5. Essential features of the x dependence as observed in Fig. 1 are reproduced in the histograms for the groups (5.0>B3V2> 3.0) and (3.0>B3V2> 1.0). When B3 equals zero, on the other hand, only small AL of the order of 20-30 r is observed for both signs of By. Values of AL for the group (5.O>B3V2>3.0) are approximately two times as large as the corresponding values for the group (3.0>BSV 2> 1.0), if the values for the group (B3=O) are subtracted as a background. It is important to note that this factor-of-two difference agrees well with the difference in the values of BSV2 for the two groups (see the values of BW in Fig. 2 ). Thus the x dependence of AL may be expressed by
where F(x) has different functional forms for different signs of By. This equation implies that the effects of x on AL are not independent of the substorm process initiated from the reconnection between the IMF and the geomagnetic field lines at the dayside magnetopause.
Finally, we note the following two features of the x dependence of AL suggested in the histograms in Figs. 1 and 2 . First, it appears that AL for the positive-By data has a small trough at x=00. Second, when Bs-0, AL for the positive-By data is roughly constant over the entire range of x, while AL for the negative-By data shows a rather clear tendency to increase with increasing x. Further analyses with improved statistics are needed to check the reality of these features.
3.2 Dependence of AU on the tilt angle Figure 3 shows the x dependences of AU/B8V2 for the positive-By group (solid line) and the negative-By group (dashed line). Unlike those for AL, histograms of AU f BSV2 for the data of different signs of By are very similar to each other; a gradual increase with increasing x in the negative range is followed by a steeper increase up to about 20 where the maximum is observed. AU/BY2 is a little larger when By<0 than when By>0, although this is not very obvious in the positive range of x. In Fig. 4 , the x dependences of AU for the three groups with different values of BSV2 are shown separately for different signs of By. The histograms in this figure indicate that the x dependences of AU may also be expressed approximately by the equations of a form similar to Eq. (2), although the values for positive-By data of the group (1.O< BSV 2 < 3.0) in the range (5<x<25) appear to be a little larger than those expected from the equation.
Discussion
Interpretation of the results
The conspicuous feature seen in Fig. 3 that AU/BSV2 is much larger in the positive range of x than in the negative range can be interpreted in terms of the x dependence of the efficiency of solar radiation to ionize the auroral-zone ionosphere as has been pointed out by MEND and AKASOFU (1968) . They showed, using simultaneous records of the geomagnetically conjugate stations in the auroral zones, that the magnitude of positive bays at a station in the local-summer hemisphere was larger than that in the local-winter hemisphere with the difference of a factor of about 2. They concluded from this result that the magnitude of positive bays at the auroral zone is largely controlled by the ionization effect of solar radiation. The difference in our result is also a factor of about 2 irrespective of the sign of By as seen in Fig. 3 , and thus can be considered as the confirmation of the conclusion of Meng and Akasofu: the photo-ionization in the ionosphere due to solar radiation, as well as BSV2, is a main factor controlling the magnitude of the eastward electrojet. It is also noted in Fig. 3 that the x dependences of AU/B3V2 for different signs of By are very similar to each other, although values for negative-By data are slightly larger than those for positive-By data.
On the other hand, significant differences are observed in Fig. 1 between the values of ALIBSV 2 for different signs of By. These differences are specially clear in the negative range of x with values for positive-By data a few tens of per cent larger than those for negative-By data, in agreement with the result obtained by MURAYAMA and HAKAMADA (1975) . The direct cause of the differences may be the southward component of the electric field in the northern auroral zone being larger when By>0 than when By<0 in the postmidnight time interval, as has been reported by MOZER and LUCHT (1974) , because the larger southward electric field results in a more intense westward Hall current in the auroral zone. Their results also suggest that the magnitude of the southward component of the electric field near dusk is larger when By<0 than when By>0, being again consistent with the difference between the values of AUf BSV2 for different signs of By as shown in Fig. 3 .
Another important feature revealed in Fig. 1 is that the difference between the values of AL/BSV2 for different signs of By itself is dependent on x; the difference is statistically significant in every 5-degree interval of x when x <O, whereas the difference is clearly not significant when x > 0 even if data are averaged for the whole positive interval of x. Observations of Mozer and Lucht as referred to above are not helpful to correlate this feature with the auroral-zone electric fields, because their observations were made within a limited season of year (i.e., a limited range of x). They attributed the By dependence of the southward component of the electric field to the inclination with respect to the geomagnetic equatorial plane of the neutral line along which reconnection occurs between the IMF and the geomagnetic field lines on the dayside magnetopause. It seems difficult to understand that the inclination depends on x, and hence, if their interpretation is the case, another mechanism would have to be introduced to account for the tendency that the excess of the values of AL for positive-By data over those for negative-By data becomes insignificant as x increases into the positive range.
One of the possibilities is to postulate the contribution of a new current which flows westward near the auroral-zone latitude only during the periods of negative By and negative Bz values of the IMF in the summer season. It is evident that the introduction of such a current may be made only after careful analyses of auroral-zone and polar-cap geomagnetic disturbances. At the present time, it can be said that the polar cap current system in the summer season as obtained by FRIIS-CHRISTENSEN and WILHJELM (1975) is not inconsistent with the current postulated above.
Relation with other works on the effect of the tilt angle
Mayaud's indices have been widely used to investigate the universal-time (UT) variation of geomagnetic activity and the results were presented by MAYAUD (1967) using the an and as indices and by BERTHELIER (1976) and SVALGAARD (1976) using the am index. We first discuss the UT variation of an, because our results were obtained using the AU and AL indices in the northern hemisphere and thus are more directly comparable with the result of an than that of as or am, which includes geomagnetic activity in the southern hemisphere. In order to get a good statistical accuracy, the UT variation of the an index was newly derived together with that of as and will be used, instead of Mayaud's result, to make a comparison with our x dependences of AL and AU. Data for solstice periods of two months each (December-January and June-July) were averaged for the years from 1964 through 1972 in the new results which are shown in Fig. 5(a) . These results were further converted into the x dependences of an and as by computing the average value of x for each UT interval as shown in Fig. 5(b) . This figure shows that the x dependence of an has a maximum around x-o, as suggested by Bartels, but has a clear asymmetry between the positive and the negative sides of x. It is also interesting to note that the x dependence of as appears very similar to that of an when plotted against -x instead of x. The x dependences of AL/BSV 2 and AE/BSV 2 are superposed on the points of an and as in Fig. 5(b) to make the comparison between them. A fair agreement is seen between AL and an, whereas the asymmetry of AE is too large to be consistent with that of an.
A comparison of our results with that obtained by Berthelier needs an assumption to relate the geomagnetic activity in the southern hemisphere to that in the northern hemisphere. We assume
where the notations are such that ALS means AL in the southern hemisphere when By is positive, for example. The above assumptions are supported by some observational evidence. For example, statistical findings that when By>0, Kn (or an) is enhanced as compared with Ks (or as) and vice versa when By<0 (WiLcox, 1968; BERTHELIER and GUERIN, 1973) are consistent with the connection between ALS and ALn in Eqs. (3), because in the northern hemisphere AL averaged over the entire range of x is larger when By > 0 than when B<0. The enhancement of AU in the positive range of x can be regarded as the effect of solar radiation as discussed earlier. This justifies equating AUS(x) with AU(-). In Fig. 6(a) , the UT variations obtained by Berthelier are converted into the x dependences of am for 'away' and 'toward' polarities of the IMF. From the assumptions (3), am for the 'away' polarity should be compared with (AL(X)+ +x AL-(-x))/2 and that for the 'toward' polarity with (AL()+AL(-))/2-x+xof our x dependences. In the above comparison, the contribution from AU was neglected because (AU(X)+AU(-))/2.B3V2+x-xgives a flat x dependence as shown in Fig. 6(b) . The agreement is again fairly good between am and AL.
In summary, we conclude that our results are consistent at least qualitatively with the UT variations obtained by other workers. However, the asymmetry in the x dependence of an (or as) is significantly smaller than AE(-AL+A U), implying that an and as are relatively less sensitive than AE to either or both of the eastward auroral electrojet and the westward current postulated to account for the enhancement of AL; in summer. It is also probable that the relatively larger contribution of the ring current to an and as than to AE lessens the difference in the asymmetry in x dependences.
In the results obtained by MURAYAMA and HAKAMADA (1975) , no statistically meaningful evidence was found for the more efficient auroral-electrojet development during the periods of xNO compared to other periods. One of the differences in their method and ours is that they used the AE index instead of AU and AL used in our analysis. Hence, their result on the x dependence is the superposition of our x dependences of AU and AL, and it is easy to see that the maximum around x=0 observed in Fig. 1 is obscured by adding the x de pendence of AU. In addition, the correction was made, in their analysis, for the inefficiency of the AE index to the auroral electrojets occurring in the UT interval Oh-6h, because the network of stations to derive the 1965 AE index which they used lacks Great Whale River and Narssarssuaq. It is, however, noted that the above UT interval is also the interval of minimum values of x. It is thus likely that some part of the x dependence was eliminated by the correction.
Finally, we discuss whether or not the BOLLER-STOLOV (1970) mechanism can be used to interpret the characteristics of the x dependence as obtained in the present work. According to their model, the probability of the occurrence of the Kelvin-Helmholtz instability at the flanks of the magnetopause depends on the value o f x but not on B8. This, however, is inconsistent with our result that the x dependence of AL is not independent of its dependence on BS and V. Thus, the Boller-Stolov mechanism is not likely to be responsible for the maximum observed in the x dependence of AL in our analysis.
Summary
Main results and conclusions obtained by the present work are summarized as follows.
Intensities of the westward and the eastward auroral electrojets as measured by the AL and AU indices show the evident x dependences under the normalized condition of the solar wind velocity, V, and of the GSM southward component, BS, of the IMF. 1) AL shows very different x dependences for different signs of the B component of the IMF. AL has a broad peak approximately centered at x=O when Bis positive, whereas it has a general trend to increase with increasing x when By is negative. In the negative range of x, AL is significantly larger when B) O than when By<0, but this difference becomes insignificant in the positive range of x. The x dependences of AL are not independent of its dependence on BS and V, and hence they have a close relationship with the substorm process initiated from the reconnection at the dayside magnetopause.
2) AU shows very similar x dependences between the cases of different signs of By, although AU when B<0 is a little larger than that when B>O. The enhancement of AU in the positive range oft, of a factor of about 2, can be interpreted as indicating the important role of solar radiation in determining the magnitude of eastward electrojets, as concluded by MENG and AKASOFU (1968 
